Because of industrial growth, large amounts of effluents are generated, which need to be treated. Among the micropollutants usually present in industrial effluents, heavy metals are especially dangerous to aquatic environment because they are bioaccumulated along the food chain. This work aims to study the removal of zinc ions in aqueous solution by adsorbing them onto expanded vermiculite. In addition, equilibrium and thermodynamics studies were carried out to verify the spontaneity and the characteristics of the process. Langmuir, Freundlich and Dubinin-Radushkevich's models were applied to the data obtained from isotherms at temperatures of 273, 293, 313 and 333 K. Furthermore, experiments in static system were carried out to choose a suitable eluent to this process, to find the metal concentration and identify a method for effective recovery of the adsorbent. This adsorption process was found to be spontaneous, favourable, endothermic and physical. The best eluting agent was ethylenediaminetetraacetic acid (0.1 M); however, for cycle adsorption experiments the best agent was CaCl 2 (0.1 M).
INTRODUCTION
One of the most serious problems related to environmental pollution is the contamination of water resources by industrial wastewater with concentrations of heavy metals well above the established limits set by the current legislation. When this concentration exceeds the permissible value, there may be many health risks to living organisms. As a result, the use of processes to reduce or eliminate heavy metals present in industrial effluents is of fundamental importance for maintaining the quality control of water resources. Among the several existing processes, adsorption stands out as a very attractive removal process from a technical and economical standpoint, especially after the discovery of new adsorbents. For the design and improvement of both adsorption and equipment used in the process, it is essential to characterize the nature of the adsorbent, preceded by tests on static and dynamic systems.
Polluting water resources has grown as much as industries. Industrial effluents can cause severe damages to aquatic systems, such as rivers, lakes and other water reservoirs. Heavy metals are hazardous pollutants that are hardly removed from organisms as they are bioaccumulatives. Zinc is an essential heavy metal in small amounts, however, in big quantities its accumulation is dangerous (Maret and Sandstead 2006) . Furthermore, zinc can have toxic effects in soil owing to its greater mobility (Jiang and Wang 2008) .
Heavy metals are not removed from industrial effluents by conventional biological treatments. Therefore, it is necessary to develop and improve techniques for removing heavy metals from industrial discharges. Among the most important treatments are chemical precipitation, reverse osmosis and filtration. However, the adsorption process is receiving more attention because it is inexpensive, simple, versatile and particularly effective at low concentrations (El-Bayaa et al. 2009 ). Therefore, in this work we studied the treatment of synthetic effluents containing zinc by adsorption. The adsorbent used was an expanded form of natural silicate mineral called vermiculite. Vermiculite is a low-cost material with easy manipulation, low density, chemically inert, and also has a good adsorption capacity. Besides, promising results have been reported on the use of vermiculite to remove heavy metals from effluents owing to its high cation-exchange capacity (CEC) (Machado et al. 2006; Wu et al. 2008; El-Bayaa et al. 2009; Wu et al. 2009b; Franco et al. 2011 ).
MATERIALS AND METHODS

Adsorbent
The expanded vermiculite used in this study was supplied by Brasil Minérios. Vermiculite is a micaceous material, rich in iron and magnesium. It has limited expandable crystalline structure and is composed of SiO 4 tetrahedral layers, Mg(OH) 2 and Al(OH) 3 octahedral layers and has 5-20% of inter-layer water. By quickly losing water, it exfoliates, increasing its volume and decreasing its density, about 20 times (Machado et al. 2006) . Its use as an adsorbent is favoured due to its high exchange capacity (100 and 150 meq/100 g of vermiculite; Chui 2005).
Adsorbent Characterization
X-ray diffraction
X-ray diffraction (XRD) was carried out in X'PERT diffractometer (Philips) with CuK α radiation, using a wavelength of 1.542 Å, 2θ scan range of 0.02°and scan speed of 1.0 seconds.
Infrared spectroscopy
Infrared spectroscopy was performed using Spectrum One (Perkin Elmer). The samples in the form of pellets were analyzed with wavelength in the range of 4000-450 cm -1 .
Helium density
The helium pycnometry analysis was carried out in Accupyc 1330 (Micromeritics) at a temperature of 28.6 °C and an equilibrium rate of 0.0010 psig/minute.
Mercury porosimetry
The mercury porosimetry was carried out in a Micromeritics porosimeter (9500 model). The parameters used were evacuation pressure of 50 µmHg, evacuation time of 5 minutes and equilibrium time of 10 seconds. The porosity of expanded vermiculite particles can be calculated using equation (1) as follows:
where ρ apparent is the apparent density obtained by mercury porosimetry and ρ real is the true density obtained by helium pycnometry.
CEC
CEC was assessed in triplicate by evaluating the concentration of Na + ions shifted by NH 4 + (Lange 1973) in 100 ml of a solution containing ammonium acetate (3 M) in contact with 2.5 g of vermiculite, which is agitated for 15 hours. The dispersion was centrifuged and the sodium concentration in fluid phase was measured by atomic absorption. From the sodium concentration obtained, the concentration of sodium in the fluid phase of 100 ml of a solution containing deionized water in contact with vermiculite maintained under agitation for 15 hours was subtracted.
Surface area (N 2 adsorption)
The expanded vermiculite surface area was estimated by N 2 physisorption method at liquid nitrogen boiling temperature and calculated. This experiment was carried out using BET Gemini III 2375 surface area analyzer (Micromeritics).
Scanning electron microscopy
The scanning electron microscopy (SEM) was performed using LEO 440i scanning electron microscope (LEO).
Optical microscopy
The optical microscopy was carried out in DMLM optical microscope (Leica).
Thermal analysis
Thermogravimetric (TG) and differential scanning calorimetry (DSC) analysis were carried out in Shimadzu TGA-50 model. The analysis conditions were N 2 flow of 50 ml/minute, from room temperature to 1000 °C and a heating rate of 10 °C/minute.
Metal speciation
The pH interval in which chemical precipitation does not occur was determined by metal speciation provided by HYDRA software (Puigdomenech 2004).
Adsorption Isotherms and Thermodynamic Study
The equilibrium isotherms were carried out in temperatures of 273, 293, 313 and 333 K. Erlenmeyer flasks containing 50 ml of solutions with different concentrations of zinc and 0.5 g of expanded vermiculite were maintained under constant agitation in a shaker for 5 hours. The duration of the experiments was determined by batch experiments. The liquid phase of the flasks was separated by centrifugation. In addition, initial and final concentrations were measured by atomic absorption. Zinc concentration was found to be between 0.076 and 7.646 mmol/l. Zinc nitrate, Zn(NO 3 ) 2 ·6H 2 O, was used to obtain the metal cation. Three equilibrium models were used for mathematical prediction: Langmuir, Freundlich and Dubinin-Radushkevich (D-R). Langmuir model, expressed by equation (2), was used for monolayer adsorption, with a completely uniform adsorbent surface from an energy point of view:
(2) where q* is the zinc concentration in solid phase (mmol/g), q m is the maximum amount adsorbed per unit weight of adsorbent (mmol/g), b is the ratio between adsorption and removal rates (l/mmol) and C is the zinc concentration in liquid phase (mmol/l). The empirical Freundlich model, commonly used for multi-layer adsorption, can be expressed by equation (3): ( 3) where a and n are Freundlich constants.
The D-R model is more general than Langmuir model, because it does not assume uniform surface. This model is generally used in systems with one solute and also provides the energy involved in adsorption process (E). The D-R model is expressed by equation (4): (4) where β is measured in unit mol 2 /J 2 and ε is the Polanyi potential, which is given by:
where R is the ideal gas constant (J/molK) and T is the temperature (K).
The β constant is related with E constant (free sorption energy) and is calculated by the following equation:
Values between 8 and 16 kJ indicate ionic exchange reactions and values less than 8 kJ indicate that the adsorption mechanism is physical (Kilislioglu and Bilgin 2003) . At low concentrations, however, there is linearity between liquid and solid phases known as Henry's Law, which is given by equation (7) 
where K is Henry constant.
The Henry model is a linear model, so that it has been applied only for the linear region of infinite dilution, for a range of very low concentration of adsorbate, where the adsorbate solution may be considered as an ideal solution. The thermodynamic parameter for the adsorption process, ∆G (kJ/mol), was evaluated using equation (8) presented by Wu et al. (2009a) :
where A 0 is the initial ion concentration (mg/l), x is the adsorption density of the adsorbent (mg/g), y = A 0 /W 0 is the ratio of the initial ion concentration (A 0 ) to the adsorbent concentration (W 0 ) measured in g/l, β is the adsorption capacity of the adsorbent, or the maximum adsorption capacity, T is temperature (K), R is the universal gas constant (8.314 × 10 −3 J/molK).
Desorption Experiments
For elution tests, six eluting agents were used, namely, NaCl: Erlenmeyer flasks containing 50 ml of the elution agents and 0.5 g of vermiculite contaminated with zinc were agitated for 5 hours at room temperature (24 °C). Solution aliquots were centrifuged and the metal concentration in liquid phase was determined by atomic absorption.
Batch Cycle Experiments
In order to carry out preliminary cycle studies, 5 g of expanded vermiculite was contaminated with 500 ml of a solution containing 1.53 M of zinc in a Büchner flask and agitated for 5 hours. The adsorbent was filtrated, washed with deionized water and dried. This contaminated vermiculite was then treated with three eluting agents, namely, EDTA: 0.1 M; H 2 SO 4 : 0.25 M and CaCl 2 : 0.1 M. This contaminated dried vermiculite was put in contact with 500 ml of each eluting agent in Büchner flasks and agitated for 5 hours. The treated vermiculite was contaminated again in the same way. The initial and final zinc concentrations of each step were measured by atomic absorption. Figure 1 shows XRD pattern obtained for expanded vermiculite. Several minerals on clay soil, such as vermiculite, have basal spacings in the region of 14-15 Å (El-Bayaa et al. 2009 ). In the XRD pattern for vermiculite, a peak at 14.4 Å can be seen. In literature, natural vermiculite peak is slightly shifted at 14.28 Å, which suggests that during exfoliation, water molecules are irreversibly removed (Franco et al. 2011) . The peak at 18.5°2θ is also characteristic of vermiculite. The peak at 24.72°2θ (inter-layer space: 3.6 Å) indicates the presence of a small amount of quartz as impurity and the peak at 31°2θ (inter-layer space: 2.89 Å) indicates the presence of a small amount of sepiolite (Santos et al. 2002) . 
RESULTS AND DISCUSSIONS
XRD Analysis
Infrared Spectroscopy
Helium Density
The average volume of vermiculite particles obtained by helium pycnometry was 0.8935 cm 3 . The true average density obtained was 2.4644 g/cm 3 . Figure 3 represents the porosimetry result of expanded vermiculite mercury. Three predominant pore regions can be noted: from 3 to 5 nm, from 70 to 2000 nm and from 100,000 to 300,000 nm. The region of 3-5 nm indicates the presence of mesopores, whereas the regions of 70-2000 nm and 100,000-300,000 nm indicate the presence of macropores. Porosimetry also provided the expanded vermiculite apparent density, which is 2.3892 g/cm 3 , and the value obtained from literature was 2.6 g/cm 3 . From equation (1), the particle porosity was calculated, resulting in ε p = 0.0305.
Mercury Porosimetry
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CEC
The CEC obtained was approximately 445 meq/100 g of expanded vermiculite, higher than reported values in literature for natural vermiculite, which shows values between 120 and 150 meq/100 g of vermiculite (Malandrino et al. 2006 ). This high value of CEC favours the metal removal process by ionic exchange.
Surface Area
The assessed surface area of vermiculite was 23.2253 m 2 /g, which was very similar to the values usually found for other types of vermiculite (approximately 28.5 m 2 /g) (Abate and Masini 2005) .
Chemical Composition by Energy-Dispersive X-Ray Spectroscopy
The results of the chemical composition obtained by energy-dispersive X-ray detector represent an average of three values and the elements found were Mg, Al, Si, Ti, Cr, Fe and Zn. The element with the largest number of atoms was Si (45.01%), followed by Mg (31.37%). These results agreed with vermiculite chemical composition from literature, where the general formula is [(Si 3 Al)Mg 3 (OH) 2 O 10 ·Mg 0.5 ·nH 2 O] (Franco et al. 2011) . The heavy metals Cr and Ti presented atomic percentages of 0.63 and 1.07%, respectively. The presence of these elements may be due to source contamination, as a previous work has shown the presence of such metals (Ugarte and Monte 2005).
SEM and Optical Microscopy
The vermiculite morphology analysis can be observed in Figures 4 (a-d) , which presents the external surface micrographs obtained by SEM. In Figures 4(b) and 4(d), overlapped sheets that are typical of this material can be easily seen. In Figure 5 (obtained by optical microscopy), it is possible to see the macropores, which is also verified by mercury porosimetry. Figure 6 shows the results of TG and DSC analysis. Three mass losses are noted. The total mass loss is 17.79%. First loss occurs in the interval from approximately 0 to 100 °C, with 7.46% of mass loss (endothermic process as indicated in DTG graph). This percentage is attributed to adsorbed and structural water and to losses of microorganisms. Second loss occurs between 100 and 200 °C, with 4.66% of loss and the third loss occurs between 200 and 850 °C. In these zones, small structural water losses occur, in addition to dehydroxylation phenomena (Ugarte and Monte 2005) .
Thermal Analysis
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Batch and Thermodynamic Studies
Langmuir and Freundlich models described by equations (2) and (3), respectively, are shown in Figure 8 . The maximum zinc removal zinc (0.3646 mmol/g) occurred at 333 K. The parameters obtained from non-linear regression as well as Henry constant obtained from linear regression are listed in Table 1 . In Freundlich model, constant "a" is related to, but does not really represent, the maximum removed amount because the model does not predict adsorbent saturation. In contrast,
Metal Speciation
The metal speciation diagram of zinc was obtained by HYDRA software (Puigdomenech 2004) and is shown in Figure 7 . From the figure it can be seen that the Zn 2+ fraction occurs in pH less than 5, so the pH during the experiments was adjusted with HNO 3 to avoid chemical precipitation, and in this case, the pH was maintained at approximately 4.5. constant "n" is related to the adsorption intensity and if n < 1, adsorption is favourable (Treybal 1980) . In our study, values of "n" were found to be less than 0.4042, indicating a favourable process. In Figure 8 , it can be observed that the curves obtained from Freundlich model overlap better with experimental data. Furthermore, R 2 values of Freundlich model in Table 1 are closer to unit, indicating a better adjust of this model to the experimental data. Freundlich model generally suits physisorption processes, with adsorption occurring in multi-layers. From equation (8), Gibbs free energy variations were evaluated and the results are presented in Table 2 . The value of the adsorption capacity parameter β used for the calculations was estimated by Figure 8 , considering the maximum adsorption capacity at each temperature studied. Thus, at 273 K, β = 16.5 mg/g, at 293 K, β = 14.5 mg/g, at 313 K, β = 20.9 mg/g and at 333 K, β = 24 mg/g. In this work, the value of x increased with increasing temperature and y, where y = A 0 /W 0 . Promising results of zinc adsorption (at least three times higher) were obtained for the expanded vermiculite in this work than that obtained by Wu et al. (2009a) for vermiculite. The ∆G/(RT) negative values obtained for the adsorption of Zn 2+ onto expanded vermiculite confirm the spontaneous nature of the process, which is accordance with thermodynamic principles. Similar results were obtained by Wu et al. (2009a) .
The data listed in Table 2 also show the influence of the temperature on the adsorption of Zn 2+ ions from adsorbate solution onto expanded vermiculite. As a general trend, higher values of β (maximum adsorption capacity) were obtained at higher temperatures, indicating that adsorption of zinc on vermiculite may present an endothermic behaviour. Adsorption may be endothermic or exothermic depending on the interaction between adsorbent and adsorbate. Several authors have verified the endothermic adsorption processes of Pb(II) (Singh et al. 1993; Ho and McKay 1999) and of Cu(II) (Stylianou et al. 2007 ) on vermiculite. The positive effect of the temperature on adsorption of Zn(II) onto vermiculite may be assigned to the ion-exchange mechanism. Besides, in the ion-exchange process ∆S > 0, which means that an increase in the temperature will result in a lower value of ∆G, favouring the adsorption process. Equilibrium data were also adjusted by D-R model. The plot of ln(q) versus ε 2 is shown in Figure 9 and the obtained constants are presented in Table 3 . The E value assessed (5.803 kJ) indicates that the adsorption process is physical. Veli and Alyüz (2007) evaluated the Cankiri bentonite, a natural clay, as adsorbent and found an E value equal to 1.2503 kJ/mol, which again indicates that the adsorption of zinc is a physical process.
Desorption Study
The test results of desorption studies in batch system are shown in Figure 10 . The best eluting agent is one that is capable of removing the maximum amount of zinc from vermiculite per eluting agent volume. From Table 4 , it can be noted that 0.1 mol/l EDTA presented the maximum elution. The pH of EDTA solution was measured to be 4.5, which, according to metal speciation, is under the chemical precipitation point (Figure 7) . This result can be attributed to the fact that EDTA is a chelating agent, which forms stable complexes with metals and it can be used to treat metalpolluted soils for instance (Misra and Mehta 1995). Table 4 shows the results of this preliminary study. As we can see in Table 4 , the second removal of zinc by vermiculite was very low when the eluting agents were EDTA and H 2 SO 4 . This shows the aggressive effect that these eluting agents have on vermiculite, precluding its use for more than one sorption-desorption cycle. In contrast, the second removal, carried out using CaCl 2 , was 81.91% after removing 86.6% of zinc the first time, indicating that this is the best eluting agent for fixed-bed cycle studies. The loss of sorption capacity (86.6-81.91%) can be attributed to interactions between the eluting agents and the adsorption sites of the vermiculite, which block some active sites decreasing the metal adsorption (Hammaini et al. 2007 ). 
Batch Cycle Studies
CONCLUSIONS
The maximum amount of Zn removed upon adsorption onto expanded vermiculite was 0.3646 mmol/g (23.8 mg/g) at 333 K. In order to regenerate the adsorbent by desorption with elution, the best eluting agent among all the ones tested was 0.1 mol/l EDTA solution. For more than one sorption-desorption cycle, CaCl 2 is the most indicated eluent due to the possibility of reusing the adsorbent. Considering the low adsorbent cost and the simplicity of adsorption process, the results indicate that expanded vermiculite is a promising adsorbent of zinc ions in aqueous solution.
